Single-molecule fluorescence spectroscopy and microscopy (SMFSM) are powerful techniques to investigate the structure and dynamics in biological and material science systems. [1] [2] [3] One of the reasons for their success is the possibility to localize isolated molecules with a precision well beyond the diffraction limit of light [4, 5] and to connect their positions to trajectories. [6] In this way, wide-field fluorescence microscopy allows the parallel detection of single-molecule motion. [7] However, so far, absolute molecule positions have been used for analysis.
Single-molecule fluorescence spectroscopy and microscopy (SMFSM) are powerful techniques to investigate the structure and dynamics in biological and material science systems. [1] [2] [3] One of the reasons for their success is the possibility to localize isolated molecules with a precision well beyond the diffraction limit of light [4, 5] and to connect their positions to trajectories. [6] In this way, wide-field fluorescence microscopy allows the parallel detection of single-molecule motion. [7] However, so far, absolute molecule positions have been used for analysis. [8] Thus, the accuracy of single-molecule positioning and tracking is limited by the signal-to-noise ratio of their fluorescence signal, fluorescent background, [9] molecule orientation, [10] and the mechanical stability of the optical system during measurement. Furthermore, the determination of diffusion coefficients from single-molecule tracking strongly depends on experimental conditions [11] and can introduce significant uncertainties. [8] Even though nanometer accuracies have been reported under optimized experimental conditions, [12, 13] most systems of practical importance lack this precision owing to inherent background and insufficient longtime stability of the optical system. Several of the aforementioned problems are solved if positioning is performed versus an internal reference point, a concept which is exploited herein.
In this work, we present a functional fluorescence dye dyad with efficient energy transfer, which disappears after photocleavage and sufficient diffusional separation of both fluorophores. In particular, we report the synthesis, chemical and photophysical characterization, and application of a photocleavable energy-transfer dyad for single-molecule spectromicroscopy, and demonstrate the power of the dyad for two-color tracking and for accurate measurements of low diffusion coefficients (D < 10 À19 m 2 s
À1
) using the internally referenced Fçrster distances instead of absolute positions.
Dyad 1 (Scheme 1) was synthesized as described in the Supporting Information. Intramolecular assemblies of perylene diimide (PDI) and terrylene diimide (TDI) derivatives [14] have been described, [15] [16] [17] [18] but their linkage using a photolabile moiety is new. The absorption and emission spectra of the dyad 1 and the separated chromophores in cyclohexane are presented in the Supporting Information.
Depending on the excitation wavelength and thus the probabilities of the three different chromophores to absorb the excitation light, different photophysical and photochemical behavior can be observed in dyad 1. Excitation with long wavelengths above 600 nm exclusively excites the TDI chromophore and results in fluorescence with an intensity maximum at 699 nm, bathochromically shifted by 18 nm compared to the emission maximum of dye 3 (structure and spectrum shown in the Supporting Information). Light of wavelengths shorter than 600 nm can be absorbed by both the PDI and the TDI moieties. However, owing to energy transfer, even after excitation of the PDI chromophore, the emission spectrum remains clearly dominated by the terrylene diimide emission. Assuming a FRET mechanism, the dependence of the energy-transfer efficiency h on the distance between energy donor and energy acceptor [19] is given by Equation (1):
where R 0 is the Fçrster radius, which depends on the overlap between the donor emission and acceptor absorption spectrum and the orientation of both dyes; for our donor-acceptor pair it was determined to be 6.4 nm by assuming free rotation. Initially, energy transfer with 99 % efficiency is observed owing to the close distance between both fluorophores. At such close distances, the dipolar approximation of Fçrsters theory is only a poor estimate owing to strong electronic coupling, [20] where exchange interactions have to be additionally considered. However, as shown in the Supporting Information, Section S8, our approach is rather robust as long as there is a significant drop of the energy-transfer rate at around R 0 , a distance for which Fçrsters theory is valid and energy transfer proceeds by a FRET mechanism. [20] UV light of wavelengths below 330 nm can be absorbed by all chromophores. In the case of absorption of a photon by the photolabile linker, it can be cleaved. The photokinetics of the cleavage reaction was investigated in homogeneous cyclohexane solution. After photocleavage, the energy donor and energy acceptor can diffuse independently and their average distance will increase continuously thus resulting in a gradual disappearance of the energy transfer (Figure 1 a) . Following the evolution of bulk fluorescence spectra and the time dependence of the donor and the acceptor fluorescence intensity for different exposure times to an irradiation wavelength of 311 nm (see Figure 1 b ), we determined a cleavage quantum yield of 0.03 after excitation of the photolabile phenacyl chromophore (see also Supporting Information), which is one order of magnitude smaller than the cleavage quantum yield of 0.22 for the photolabile moiety reported by Zabadal et al. [21] Photophysical interactions of the excited photolabile moiety and the other chromophores are presumably responsible for this change in quantum yield, as is obvious from spectral shifts (Supporting Information, Figure S1).
Apart from the spectroscopic bulk measurements described above, the potential of dyad 1 for single-molecule microspectroscopy beyond what can be learnt with a single chromophore will be demonstrated. The essential advantage lies in the fact that prior to UV illumination both fluorophores are located in direct proximity (ca. 1 nm). After photocleavage, both dyes can be positioned and tracked independently with a spatial resolution mainly determined by the signal-to-noise ratio [9] of their emission. To demonstrate this, we embedded dyad 1 into a circa 0.3 mm-thin poly(ethyl acrylate) (PEA) film (M w = 100 kg mol
). The glass transition temperature (T g ) of PEA was determined to be À7.6 8C using differential scanning calorimetry (DSC). In such a thin PEA film, the diffusion coefficient of dyad 1 is 7.2 10 À17 m 2 s À1 , a value high enough to yield a reasonably observable separation time after photocleavage of the dyad by UV irradiation. Figure 2 shows a series of images taken at different times after UV irradiation for an initially single dyad 1 molecule. The PDI and TDI detection channels are overlapped in false colors. Before exposure to UV light, emission of the TDI chromophore of dyad 1 is observed owing to efficient energy transfer. After photocleavage of the dyad and diffusive separation of both chromophores to a distance above their Fçrster radius, PDI and TDI fluorescence can be detected in separate emission channels, and the position of the chromophores can be tracked independently with a spatial accuracy typical for single-molecule tracking [22] without significant cross-talk between the channels. Two-color single-molecule tracking works well for determining the time evolution of the distance between both cleaved moieties for distances above their positioning accuracy. Even though localization accuracies in the nanometer range have been reported, [12] in several systems of practical importance the positioning accuracy is limited rather to about 10 nm, which is due to inherent background signal or, in highly viscous media, preferred orientation of molecules. [10] For these cases, we can use single-molecule energy-transfer efficiencies [23] [24] [25] to extend the spatial single-molecule-pair resolution.
To observe changes in energy-transfer efficiency on the single-molecule level in real-time, we embedded tiny amounts of dyad 1 molecules into a circa 0.3 mm-thin poly(butyl methacrylate) (PBMA) film (M w = 4 kg mol À1 ) with a T g of 16.2 8C. The time evolution of the fluorescence intensity after photocleavage is shown in Figure 3 a-c and was detected using cycling of the three different settings described as follows (see also the Supporting Information): 1) Laser excitation at 561 nm, detection between 594 and 646 nm (PDI channel, green traces); 2) laser excitation at 658 nm, detection between 672 and 712 nm (TDI channel, red traces); and 3) laser excitation at 561 nm, detection between 672 and 712 nm (energy-transfer channel, blue traces). Figure 3 a,b show the intensity traces of two typical single molecules. Directly after UV irradiation (for 2 s) and bond cleavage, both cleaved fragments are still in close proximity and thus efficient energy transfer is observed. Gradually, the probability that their distance separation exceeds the Fçrster radius, and thus the intensity in the energy-transfer channel decreases and the intensity in the PDI channel increases significantly. Owing to the dependence of the FRETefficiency on the inverse of the sixth power of distance, FRET changes are sensitive to distance variation, in particular at distances close to the Fçrster distance. Data shown in Figure 3 a,b reveal that this point is reached at about 60-80 s. As diffusion of the dye fragments in our polymer film is a statistical process, the distances between fragments of the dyad after photocleavage can fluctuate as shown in Figure 3 b.
In the following, we compare the diffusion coefficients obtained from our energy-transfer approach and singlemolecule tracking. We use a model in which both fluorophores are initially situated at the same position, after photocleavage separate by normal diffusion, and energy transfer proceeds by a FRET mechanism. On the basis of this assumption, the probability P of finding two fluorophores with a diffusion coefficient of D 1 and D 2 , respectively, at a distance r after a certain time t can be expressed as Equation (2) This results in a FRET efficiency h given by Equation (3):
Pðr; t; DÞhðr; R 0 Þdr ð3Þ
Normalized donor and acceptor intensities I are calculated by Equation (4) and (5):
Note that the acceptor efficiency is corrected to account for the excitation of a TDI molecule with the green 561 nm laser. Equations (2)-(5) allow for an estimation of the diffusion coefficients of a single molecule with an accuracy limited by diffusion statistics.
Least-square fitting of the curves from Equations (4) and (5) to the intensities of 24 photocleaved dyad 1 molecules (see the Supporting Information) resulted in a distribution of diffusion coefficients as shown in Figure 3 d centered around a value of D 1,2 % 0.5 10 À19 m 2 s À1 assuming that both cleaved moieties have the same diffusion coefficient owing to their similar size. This value is in good agreement with the one obtained by fitting the summed intensities of the 24 intensity traces (Figure 3 c) .
In contrast, the diffusion coefficient obtained for PDI-dye 2 and TDI-dye 3 (structures see Supporting Information) using single-molecule tracking are significantly higher (1.3 10 À19 m 2 s À1 and 1.8 10 À19 m 2 s À1 , respectively). As shown in Figure 3 c (dashed lines), these diffusion coefficients do not match with our energy-transfer measurements. The distribution of single-molecule diffusion coefficients (Figure 3 d) obtained by single-molecule tracking is very broad and reaches from about 50 10 À19 m 2 s À1 to even negative values, which are due to the statistical inaccuracies of the meansquare displacement analysis. The breadth of this distribution of diffusion coefficients could be easily misinterpreted as heterogeneity in molecular motion. A comparison with our energy-transfer approach, however, shows clearly that the diffusion coefficients are distributed around 0. 5 , and thus under the applied conditions motion in the polymer is still rather homogeneous. It should also be emphasized that it was necessary to measure for more than 100 min to detect sufficient motion for reliable singlemolecule tracking, whereas the energy-transfer measurements only took 5 minutes.
The reason for the higher accuracy of our FRET method to determine low diffusion coefficients lies in several advantages of this method over single-molecule tracking. These advantages are demonstrated in the most straightforward way using the mean-square displacement D lim / t . First, the sensitivity length scale x lim of the spatial accuracy is determined solely by the Fçrster radius and does not depend on localization accuracy, that is, it is not limited by the signal-to-noise ratio of spots and background as long as sufficient intensity from the energy donor and the energy acceptor can be detected. Furthermore, positioning errors owing to instabilities in the optical system do not increase x lim and thus D lim . As energy-transfer efficiency depends only on the relative distance between donor and acceptor but not on their absolute coordinates, it is not sensitive to drifts of the optical system as long as the single dyads and their fragments can be uniquely assigned to each other from frame to frame. The fact that the signal-to-noise ratio of spots does not significantly limit the accuracy of our approach is another advantage over single-molecule tracking in that lower excitation intensities can be used, thus decreasing the probability of early photobleaching of the dyes. The lower excitation intensities and the insensitivity against optical destabilization allows for significantly increased observation times t which further result in a lower value of D lim . It should be also noted that the energy-transfer method is sensitive to 3D motion, whereas most single-molecule tracking approaches detect a 2D projection of 3D motion, which for isotropic diffusion is accounted for by using a 4 D t relation for the mean square displacement instead of 6 D t.
For FRET, the efficiency also depends on the relative orientation of energy donor and energy acceptor, as expressed by the so called orientation factor k. Therefore, we simulated the effect of reorientation of the cleaved moieties on the energy-transfer efficiency (see Supporting Information). It could be shown that, in the investigated system, rotational motion can cause noticeable fluctuations in the intensity time trace, but not to an extent as to corrupt the overall determination of D.
In conclusion, we developed and photochemically characterized a photocleavable energy-transfer dyad and demonstrated its applicability for single-molecule microspectroscopy. After photocleavage, it allows for following the evolution of distances between both fragments from the nm to the mm length scale using single-molecule energy-transfer efficiencies and independent two-color tracking, respectively. Observation of changes in the single-molecule energy-transfer efficiencies between both fragments enables the determination of low single-molecule diffusion coefficients and their distribution with high accuracy compared to single-molecule tracking. Future work will focus on exploiting our novel approach to measure slow diffusion in polymer systems and to extend it to other fluorophores and photolabile moieties.
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